• Oxidative stress arises when desiccation restricts photosynthesis and light energy is transferred from photo-excited pigments onto ground state oxygen. We tested whether a highly desiccation tolerant lichen, Pseudevernia furfuracea , displays better protection against oxidative stress than more sensitive species, Lobaria pulmonaria and Peltigera polydactyla .
Introduction
Most lichens have an outstanding ability to survive in the desiccated state for several months, or even years. Upon rehydration they recover normal photosynthetic rates within as short a time span as 15-60 min (Ried, 1960; Tuba et al ., 1996a; Jensen et al ., 1999) . Lichens depend on alternating periods of drying and wetting, but constant saturation with water is deleterious (Ried, 1960; Farrar, 1976a Farrar, , 1976b Dietz & Hartung, 1999) . In addition to a range of morphological adaptations, such 'desiccation tolerant' organisms possess several biochemical mechanisms that allow them to survive anhydrobiosis without losing the ability to regenerate and grow (for reviews see Bewley, 1979; Bewley & Krochko, 1982; Close, 1996; Oliver, 1996; Oliver & Bewley, 1997; Kranner & Lutzoni, 1999; Oliver et al ., 2000; Scott, 2000) .
One of the mechanisms that may lead to death upon extreme desiccation is the dehydration of DNA resulting in strand breaks (Dose et al ., 1992) . Damage to DNA, proteins and lipids is caused by reactive oxygen species (ROS) which are formed during aerobic metabolism (Brawn & Fridovich, 1981; Smirnoff, 1993) . In desiccated photosynthetic tissues, particular problems arise if excited chlorophyll molecules are present but carbon fixation is limited by water deficiency. Under these conditions, electron flow continues, and excitation energy can be passed from photo-excited chlorophyll pigments to ground state oxygen ( 3 O 2 ), forming singlet oxygen ( 1 O 2 ) (Fig. 1 ). In addition, superoxide (O 2 peroxide (H 2 O 2 ) and the highly toxic hydroxyl radical (OH •   ) can be produced at photosystem (PS) II (McKersie & Leshem, 1994) . ROS are also produced during normal metabolism in the electron transport chains of respiration and photosynthesis (Halliwell, 1984) , but desiccation greatly enhances their production (Smirnoff, 1993) .
To avoid 1 O 2 formation, photosynthetic organisms can dissipate excess energy via nonphotochemical quenching (NPQ). This is most likely to involve the xanthophyll cycle (Gilmore, 1997) in which violaxanthin is stepwise deepoxidized to antheraxanthin and then zeaxanthin while solar radiation is dissipated as heat (Siefermann-Harms, 1990; Demmig-Adams & Adams, 1996) . In addition to their function as accessory pigments in photosynthesis, other carotenoids can also contribute to energy dissipation (Frank et al ., 1999) . Moreover, antioxidants such as glutathione, ascorbate, tocopherol, and related enzymes such as superoxide dismutase, catalase, peroxidase and others, scavenge ROS (Smirnoff, 1993; Kranner & Lutzoni, 1999) .
A previous investigation showed that for the lichens Pseudevernia furfuracea , Lobaria pulmonaria and Peltigera polydactyla , differences in their relative levels of desiccation tolerance correlate with the redox status of the water soluble antioxidant glutathione, particularly with their ability to reduce glutathione disulphide during rehydration (Kranner, 2002) . These lichens grow in microhabitats of varying water availability and differ in their relative level of desiccation tolerance. Of the three species P. furfuracea is the most tolerant.
Here we tested whether the greater desiccation tolerance in P. furfuracea , compared to L. pulmonaria and P. polydactyla , is a function of a greater ability to remove, or prevent ROS formation. Viability of lichens after desiccation was assessed by measuring CO 2 exchange. We quantified the concentrations of chlorophyll a and b and of carotenoids (violaxanthin, antheraxanthin, zeaxanthin, neoxanthin, lutein and β -carotene) that are potentially involved in NPQ in lichens kept in the desiccated state for 9 weeks, and during rehydration following desiccation periods of 2, 7 and 9 weeks. Besides other functions, β -carotene is, together with tocopherols, a major antioxidant in membranes. In addition to assaying changes in the concentration of these lipophilic antioxidants, we also measured the activity of peroxidases that scavenge H 2 O 2 .
Materials and Methods

Lichen material
Three lichen species were chosen that differ in the water availability of the microhabitats in which they grow, and in photosynthetic performance during dehydration-rehydration events. P. furfuracea is a typical canopy species of the montane forests of the Alps and is well-adapted to oscillating thallus water contents. It is often exposed to rather extreme desiccation, and high light intensities. L. pulmonaria is a member of the epiphytic communities in temperate and boreal forests. It usually grows on trunks of old trees, often over mosses. Its water regime is strongly influenced by carpets of moist mosses beneath thalli, and by stem flow. L. pulmonaria is adapted to much higher air humidity, less frequent dehydration and lower light intensities than P. furfuracea . P. polydactyla grows on soil between mosses on rocks, often on the base of tree trunks and surface roots. Its water regime depends in part on soil water relations, and fluctuations of thallus water content are presumably smaller than in the two other species. P. furfuracea and L. pulmonaria Fig. 1 Simplified scheme of pathways that generate, avoid the formation of, or scavenge free radicals. car, carotenoids; chl, chlorophyll; Z, zeaxanthin; A, antheraxanthin; V, violaxanthin; α-T, α-tocopherol. Stars indicate photo-excited pigments; dots (superscripted) represent free radicals. Modified after Kranner et al. (2002) .
have green algal Trebouxia and Myrmecia photobionts, respectively. The Nostoc containing P. polydactyla is a cyanolichen, which generally have lower desiccation tolerance than lichens with green algal photobionts (Buck & Brown, 1979; Beckett, 1995; Minibayeva & Beckett, 2001) .
Lichens were collected at Sneznik mountain, Leskova dolina, Slovenia, at an altitude of c . 1000 m above sea level. P. furfuracea (L.) Zopf was collected from crowns of freshly cut Norway spruce ( Picea abies L.), L. pulmonaria (L.) Hoffm. from stems of European beech ( Fagus sylvatica L.), and Peltigera polydactyla (Necker) Hoffm. from the forest floor. Before desiccation, lichens were left under laboratory conditions (light at daytime: 50 µmol m − 2 s − 1 ; night: dark) and temperature (18-22 ° C) for 1 d.
Desiccation and rehydration, and further sample treatment
Lichens were put in a desiccator over silica gel for 2 months using the same light and temperature regimes as described above. Thallus water content (% w/w) of undesiccated thalli ('controls') of P. furfuracea , L. pulmonaria and P. polydactyla were 22 ± 7, 26 ± 11 and 58 ± 5%, respectively, and after 2 d dropped to 5 ± 1, 5 ± 2 and 6 ± 1% ( n = 6). After 9 weeks thallus water content dropped further to 2 ± 0.2, 3 ± 0.2 and 3 ± 0.3% ( n = 6). After 2, 7 and 9 weeks, thalli were removed from the desiccator, and rehydrated by immersing them in deionized water. When thalli that were desiccated for 9 weeks were rehydrated, their water contents after 2 min of rehydration were 77 ± 7, 92 ± 9 and 109 ± 9% in P. furfuracea , L. pulmonaria and P. polydactyla , respectively. After 60 min thallus water content increased further to 163 ± 14, 159 ± 17 and 155 ± 14% (n = 6). For a detailed description of water relations during rehydration see Kranner (2002) .
In thalli kept in the desiccated state, pigments, tocopherols and peroxidases were measured at intervals (2, 7 and 9 weeks; '0' stands for undesiccated 'control' material). During rehydration we measured these compounds and photosynthesis after 5, 10, 15, 30, 60 and 120 min; '0' stands for nonrehydrated samples. Samples for pigment and antioxidant analyses were frozen immediately after photosynthesis measurements in liquid nitrogen to stop chemical reactions and stored in a deep freezer (−80°C) or freeze-dried immediately. Freezedrying is the best sample pre-treatment because is removes all water from frozen tissue without thawing it, and produces water-free samples. This is important, because even minimal water content can cause destruction of pigments and antioxidants during extraction due to acidic lichen compounds. For further details on freeze-drying and sample treatments refer to Pfeifhofer et al. (2002) . Freeze-dried samples were ground to a homogenous powder with a ball mill using agate balls. For each sample, 50-100 mg of this powder was extracted in the appropriate extraction media (see below).
Photosynthesis
At each time interval of soaking, a thallus was removed from the deionized water and blotted dry with tissue paper. Net photosynthesis was measured by infra-red gas analysis (IRGA; ADC, Hoddesdon, UK, Type LCA-3) using a Parkinson Leaf chamber (ADC, Hoddesdon, UK, Type PLC-3) following the method of Long & Halgren (1993) . The optimum light intensities for photosynthesis for each species were previously determined, and these were used in all experiments. These were 400-450, 150 and 100 µmol −1 m −2 s −1 for P. furfuracea, L. pulmonaria and P. polydactyla, respectively. In the leaf chamber, equilibrating fully hydrated samples for 3-4 min was found to give steady state rates of gas exchange without causing enough water loss to reduce photosynthesis.
Plastid pigments and tocopherols
Plastid pigments and tocopherols were extracted in acetone containing 0.1% N-ethyldiisopropylamine to prevent pigment destruction during extraction by organic acids. Chlorophyll a and b, violaxanthin, antheraxanthin, zeaxanthin, α-and β-carotene, lutein and neoxanthin were identified and quantified by HPLC using a UV-Vis variable wavelength detector at 440 nm. α-and δ-tocopherol were identified in the same extracts by HPLC using fluorescence detection (excitation: 295 nm, emission: 325 nm). For further details of how we analysed plastid pigments and tocopherols see Pfeifhofer et al. (2002) .
Peroxidases
Peroxidases were determined spectrophotometrically (Keller & Schwager, 1971) . 30-150 mg of freeze-dried, ground lichen powder were extracted in 3-7 ml of phosphate buffer (pH 7) using an ultraturrax mixer (Merck). 667 µl of the centrifuged extract was mixed with 2.667 ml distilled water and 667 µl para-phenylenediamine solution (0.5 g paraphenylenediamine dissolved in 30 ml hot distilled water, vacuum filtrated, then made up to 50 ml with distilled water; prepared daily and stored cool in the dark until use). The reaction was started by the addition of 60 µl 0.6% H 2 O 2 and the increase in absorbance at 485 nm was followed for 5-10 min. Activities are given in nkat g −1 d. wt.
Statistics
Each experiment was repeated three to six times. We used two-way  in combination with LSD posthoc comparisons of means. This tested if mean values of data shown in the figures differed from each other during the time courses of desiccation and rehydration treatments of a species, and if the values recorded for the three lichens differed from each other for the same treatment.
Results
Desiccation
Undesiccated thalli of L. pulmonaria contained the highest chlorophyll contents, P. furfuracea the lowest (2.6 vs 0.6 µmol g −1 d. wt chlorophyll a + b). The cyanolichen P. polydactyla contained 1.3 µmol g −1 d. wt chlorophyll a (Fig. 2a) and small amounts of chlorophyll b (about 20 nmol g −1 d. wt; data not shown). Here, the chlorophyll b probably originated from co-extracted Coccomyxa sp. that are often parasymbiotically associated with Peltigera sp. (E. Stocker-Wörgötter, personal communication). Long-term desiccation did not affect the chlorophyll content of P. furfuracea, but after 9 weeks caused losses of 45 and 40% (P < 0.001 and P < 0.01) of chlorophyll a in L. pulmonaria and P. polydactyla, respectively. L. pulmonaria lost 46% (P < 0.001) of its initial chlorophyll b (Fig. 2a,b) .
Lobaria pulmonaria contained the highest concentrations of the xanthophylls violaxanthin, zeaxanthin, antheraxanthin, neoxanthin and lutein, and P. polydactyla the lowest ( Fig. 2c-f ; antheraxanthin data not shown). The most pronounced changes in xanthophyll cycle pigments occurred in L. pulmonaria: within 7 weeks violaxanthin decreased to less than half of the initial level (Fig. 2c) while zeaxanthin increased more than 5-fold (P < 0.005; Fig. 2d ). In P. furfuracea, half of the initial violaxanthin content was lost within 7 weeks (Fig. 2c) , but zeaxanthin did not increase significantly (Fig. 2d ). Violaxanthin and zeaxanthin concentrations did not change in P. polydactyla. Antheraxanthin was not found in P. polydactyla, and did not change in L. pulmonaria and P. furfuracea (data not shown). Neoxanthin and lutein decreased (P < 0.001) during desiccation of L. pulmonaria, but did not change in the two other species (Fig. 2e,f ) .
P. polydactyla contained considerably more (P < 0.001) β-carotene, higher (P < 0.001) peroxidase activity than L. pulmonaria and P. furfuracea and more (P < 0.001) α-tocopherol than P. furfuracea (Fig. 3) . In addition to α-tocopherol, L. pulmonaria and P. polydactyla also contained δ-tocopherol (data not shown). During desiccation, β-carotene decreased (P < 0.01) in P. polydactyla, but no statistically significant changes were recorded for the other two species (Fig. 3a) . α-Tocopherol declined during the first 14 d of desiccation in P. polydactyla and P. furfuracea. The first species enhanced α-tocopherol again during later stages of desiccation until the control (= pre-desiccation) level was reached (Fig. 3b) . No changes were recorded for L. pulmonaria. In P. polydactyla peroxidase activity increased (P < 0.001) 4.7-fold after remaining in the desiccate state for 14 d, then declined again, but thalli still contained the 2.3-fold content of controls after 9 weeks (Fig. 3c) . In L. pulmonaria peroxidase activity progressively increased, and after 60 d was 3 times higher (P < 0.05). No changes in peroxidase activity occurred during desiccation in P. furfuracea.
Rehydration
P. furfuracea established net photosynthesis almost immediately after the onset of rehydration, irrespective of the duration of previous desiccation (Fig. 4a) . Maximum photosynthesis rates were reached after 15 min (P < 0.001). By contrast, thalli of L. pulmonaria and P. polydactyla that had been desiccated for 2 weeks only displayed CO 2 fixation after 25 and 15 min, respectively (Fig. 4b,c) . After desiccation for 7 weeks, L. pulmonaria required 120 min to achieve net CO 2 fixation, but when desiccated for 9 weeks did not display net fixation after rehydration for 120 min. P. polydactyla desiccated for 7 and 9 weeks needed 20 and 30 min, respectively, to achieve net CO 2 fixation. Concentrations of chlorophyll significantly increased during rehydration in all three lichens, irrespective of time of previous desiccation (Fig. 4d-f) . L. pulmonaria displayed the most pronounced rehydration-induced changes in xanthophyll cycle pigments. In thalli desiccated for 2 weeks violaxanthin increased (P < 0.001) to pre-desiccation level within 120 min of rehydration (Fig. 5a ). At the same time, zeaxanthin declined to predesiccation values, while antheraxanthin increased 3.4-fold within 60 min (P < 0.001), then declined (Fig. 5a ). By contrast, thalli of L. pulmonaria that had been desiccated for 7 weeks (data not shown) and 9 weeks (Fig. 5b) slightly increased zeaxanthin, antheraxanthin and violaxanthin, but did not re-establish the originally high violaxanthin and low zeaxanthin levels of undesiccated controls. Xanthophyll cycle pigments in P. furfuracea showed similar responses to rehydration as in L. pulmonaria, but the changes were much less pronounced (data not shown). In P. polydactyla, violaxanthin and zeaxanthin increased (P < 0.05) by about 30% within 30 min of rehydration, irrespective of length of previous desiccation (data not shown).
Lutein and neoxanthin increased 1.5-to 2-fold in rehydrating P. furfuracea and L. pulmonaria reaching maxima after 10-30 min, irrespective of desiccation time. In P. polydactyla, neither lutein nor neoxanthin changed significantly during rehydration (data not shown). β-Carotene concentrations did not change in rehydrating P. furfuracea (Fig. 6a) , but increased by 62% (P < 0.01) within 15 min in thalli of L. pulmonaria (Fig. 6b ) that had previously been desiccated for 2 weeks. After 2 h of rehydration it tended to decline in thalli desiccated for 7 or 9 weeks (Fig. 6b) . In P. polydactyla that had been desiccated for 2, 7 and 9 weeks, β-carotene increased by, respectively, 2.4-, 1.6-and 1.4-fold (P < 0.005) within 5-10 min of rehydration (Fig. 6c) . Thereafter, β-carotene concentrations did not significantly change in P. polydactyla thalli desiccated for 2 weeks, but declined in thalli that had been desiccated for longer.
In all three species, concentrations of α-tocopherol (Fig. 6d-f ) tended to rise during the first 5-15 min of rehydration, then remained constant or declined to pre-desiccation level. The largest increase in α-tocopherol was found in thalli of P. polydactyla that had previously been desiccated for 2 weeks (Fig. 6f ) ; after 15 min of rehydration they contained 3.2 times (P < 0.001) more α-tocopherol than nonrehydrated thalli. After longer desiccation thalli of P. polydactyla either needed longer to reach a maximum (for thalli that had been desiccated for 9 weeks) or the increase was less pronounced (for thalli that had been desiccated for 7 weeks).
Peroxidase activity did not change in rehydrating P. furfuracea, irrespective of desiccation time (Fig. 6g) . In thalli of L. pulmonaria that had been desiccated for 2 weeks (Fig. 6h) , peroxidase activity did not change significantly, but increased by, respectively, 2.4-and 1.3-fold after 15 min in thalli desiccated for 7 and 9 weeks. In P. polydactyla desiccated for 2 weeks, the very high peroxidase activity recorded for desiccated thalli (Fig. 3c ) declined within 5 min of rehydration (Fig. 6i) to pre-desiccation level. Thereafter it fluctuated between 30 and 57% of the activity of nonrehydrated thalli and after 120 min contained the same activity as did undesiccated controls (Fig. 6i) . Peroxidase activity in thalli desiccated for 7 and 9 weeks rapidly decreased to pre-desiccation levels. 
Discussion
Chlorophyll concentration and recovery of photosynthesis
The three lichen species investigated can survive in the desiccated state at thallus water contents less than 6% for 2 months (Kranner, 2002) . Thereafter, all of them can re-establish net photosynthesis (Fig. 4a-c) and after only 5-10 min of rehydration, significantly increase their chlorophyll pools (Fig. 4d-f ). In the canopy species P. furfuracea, the most desiccation tolerant of the three investigated lichens, the ability to recover net photosynthesis was not affected by longer desiccation times, but was delayed in P. polydactyla and even more so in L. pulmonaria (Fig. 4a-c) . This suggests that during longterm desiccation the photobionts of the two latter species gradually lost viability. The differential ability to tolerate desiccation correlates well with the microhabitats these lichens typically occur in. Recovery of photosystems also occurs faster in moss species that grow in light-exposed habitats and experience frequent alterations between wet and dry conditions than in woodland species subject to less frequent changes (Proctor & Smirnoff, 2000) .
In higher plants, adaptation to low light correlates with higher chlorophyll contents (Grumbach & Lichtenthaler, 1981) . The canopy lichen P. furfuracea also contains relatively little chlorophyll while the higher chlorophyll concentrations of L. pulmonaria and P. polydactyla (Fig. 2a,b) correlate with their adaptation to live in shady habitats. However, higher chlorophyll concentrations will make the two latter species more prone to desiccation-induced damage caused by ROS generated from transferring excess energy from photo-exited chlorophyll to 3 O 2 (Fig. 1) . The decrease in chlorophyll concentrations in desiccated L. pulmonaria and P. polydactyla supports this view: either these lichens actively broke down about half of their chlorophyll (Fig. 2a,b) to limit damage caused by 1 O 2 or, more likely the chlorophyll was broken down as a result of damage. By contrast, P. furfuracea that occurs in habitats with high light intensities did not decrease its originally lower chlorophyll concentrations. Overall, the lichens investigated here belong to the 'homoiochlorophyllous' type of desiccation tolerant plants. These preserve a significant part of their photosynthetic apparatus during desiccation (Sherwin & Farrant, 1996 while the 'poikilochlorophyllous' type dismantles its photosynthetic apparatus during desiccation, and degrades chlorophyll (Tuba et al., 1993 (Tuba et al., , 1994 (Tuba et al., , 1996b Sherwin & Farrant, 1996 .
Assessing the ability to re-establish normal concentrations of reduced glutathione upon rehydration following a desiccation period of 2 months, Kranner (2002) concluded that P. furfuracea is the most, and P. polydactyla the least desiccation tolerant of the three species investigated. However, it must be noted that the major part of a lichen consists of fungal tissue. Glutathione is present in the photobiont and the mycobiont. Measurements of this antioxidant thus reveal the response of the mycobiont rather than that of the photobiont, while photosynthetic performance clearly reflects photobiont metabolism only. Photosynthesis data (Fig. 4a-c) indicate that the photobiont of P. furfuracea is most desiccation tolerant. That of L. pulmonaria is more desiccation sensitive than the P. polydactyla photobiont, but these data do not allow one to asses whether, as a whole lichen, L. pulmonaria or P. polydactyla is more sensitive to desiccation.
Nonphotochemical quenching
The photobiont of L. pulmonaria is the most desiccation sensitive and shows more pronounced changes in carotenoids (Figs 2c-f and 3a) that are potentially involved in NPQ than P. furfuracea, including the xanthophyll cycle pigments, and β-carotene, lutein and neoxanthin. In desiccated L. pulmonaria, chemical conversion of violaxanthin to zeaxanthin exceeds the reverse reaction that recycles violaxanthin and thus zeaxanthin accumulates (Fig. 2c,d ). Zeaxanthin accumulates similarly in desiccated resurrection plants (Alamillo & Bartels, 2001; Kranner et al., 2002) , lichens (Calatayud et al., 1997; Zorn et al., 2001) and liverworts (Deltoro et al., 1998) . These findings suggest that the xanthophyll cycle is important for desiccation tolerant plants that regularly suffer oxidative stress when exposed to light under water-limiting conditions (Fig. 1) .
During rehydration, L. pulmonaria re-established normal violaxanthin concentrations, thus providing enough for NPQ in the event that light and/or desiccation stress arises again, but rapid conversion was only possible after short-term desiccation (Fig. 5a) . A possible explanation for the failure to rapidly re-establish normal violaxanthin levels after longer desiccation periods (Fig. 5b) could be that the enzyme epoxidase (or its co-substrate) required for the conversion of zeaxanthin to violaxanthin had been damaged. By contrast, Ramalina maciformis, a highly desiccation tolerant desert lichen, converted zeaxanthin to violaxanthin also when rehydrated following a longer desiccation period (Zorn et al., 2001) . Surprisingly P. furfuracea did not accumulate zeaxanthin during desiccation (Fig. 2d) . However, Adams et al. (1993) also noted that while most lichens accumulated Fig. 6 Effect of rehydration on the concentrations of β-carotene and α-tocopherol, and the activities of peroxidases in the lichens Pseudevernia furfuracea, Lobaria pulmonaria and Peltigera polydactyla. Measurements were taken during rehydration following desiccation periods of (circles, bold lines) 2 weeks (squares), 7 and (triangles) 9 weeks. Rehydration time '0' symbolises nonrehydrated thalli. Data represent mean ± SD (n = 3-5).
zeaxanthin when exposed to high irradiance, some species showed a reverse trend.
Desiccation-induced decrease of lutein and neoxanthin as recorded for L. pulmonaria (Fig. 2e,f ) and re-establishment of control concentrations during rehydration suggest that they are involved in NPQ during desiccation. These xanthophylls also decreased in desiccated Rosmarinus officinalis (Munné-Bosch & Alegre 2000) and in the resurrection plant Myrothamnus flabellifolia . However, their precise significance for green-algal lichens still needs to be ascertained.
The cyanobacterial lichen P. polydactyla does not possess all pigments of the xanthophyll cycle, and contains almost no lutein and neoxanthin (Fig. 2c-f ). Thus these carotenoids are unlikely to play a dominant role in NPQ in this lichen. In plants and presumably in green algae NPQ is dominated by mechanisms for excitation-dependent thermal dissipation of energy from PSII and its antennae, driven by the transthylakoid ∆pH gradient, with only minor contributions from state transitions. In cyanobacteria NPQ rather reflects changes in the PSII fluorescence yield as a result of a state transition mechanism, which regulates the distribution of excitation energy between PSI and II, and it has been suggested that energy dependent quenching is not a significant contributor to NPQ (Campell et al., 1998) . Rehydration increased the concentrations of both zeaxanthin and violaxanthin in P. polydactyla, suggesting that de novo synthesis took place, but the precise function of these two xanthophylls in cyanobacterial lichens is still unclear.
Potential to scavenge ROS
While P. polydactyla contained very small amounts of xanthophylls as compared to the green-algal lichens (Fig. 2c-f) , it contained the highest concentrations of the lipid soluble antioxidants β-carotene and α-tocopherol and the highest peroxidase activity (Fig. 3) . P. polydactyla displayed significant desiccation-and rehydration-induced changes in β-carotene and α-tocopherol concentrations (Figs 3a,b and 6c,f ) . Taken together, these data suggest that in contrast to the two greenalgal lichens P. polydactyla may use β-carotene for thermal dissipation of energy rather than xanthophylls. In addition, Albrecht et al. (2001) demonstrated the importance of ketocarotenoids such as canthaxanthin for inactivating peroxyl radicals and quenching of 1 O 2 in cyanobacteria.
α-Tocopherol also quenches 1 O 2 and scavenges lipid peroxides (Senaratna et al., 1985; Fryer, 1992) . P. polydactyla and L. pulmonaria additionally contain δ-tocopherol, which is a possible precursor of α-tocopherol, but may also act as an antioxidant itself (Fryer, 1992) . L. pulmonaria and P. polydactyla produced more α-tocopherol during rehydration than did P. furfuracea (Fig. 6d) , but their concentrations after 120 min of rehydration decreased with increasing desiccation time (Fig. 6e,f ) . Re-establishment of normal levels of reduced glutathione during rehydration was also negatively correlated with length of desiccation in L. pulmonaria and P. polydactyla, but not in P. furfuracea (Kranner, 2002) indicating that the latter is more tolerant to desiccation.
Scavenging of ROS vs oxidative burst
Undesiccated thalli of the relatively desiccation sensitive P. polydactyla had the highest β-carotene and α-tocopherol concentrations and peroxidase activities (Fig. 3) . This suggests that this species needs better protection against free radicalinduced damage compared to L. pulmonaria, and even more so, P. furfuracea. It may therefore be tempting to conclude that P. polydactyla contains more antioxidants in order to prevent desiccation-induced oxidative damage. However, care must be taken with such a conclusion: it has recently been demonstrated that lichens and bryophytes that grow in wet microhabitats produce O 2
•-or H 2 O 2 extracellularly at high rates, even when unstressed. Some species show a powerful oxidative burst during rehydration following desiccation (Minibayeva & Beckett, 2001; Mayaba et al., 2002) , probably to deter pathogens. This was best developed in members of the Peltigerales (Minibayeva & Beckett, 2001) . Very low, intermediate and very high peroxidase activity (Figs 3c and 6g-i) in P. furfuracea, L. pulmonaria and Peltigera, respectively, correlate with very low, high, and very high rates of O 2
•-production (Minibayeva & Beckett, 2001 and Beckett, unpublished data) . We do not know by which mechanisms the activities of peroxidases increased almost 5-fold in thalli of P. polydactyla that had been desiccated for 2 weeks. In the desiccated state, gene expression is unlikely to occur. We propose that the rise in enzyme activities resulted either from activation of pre-existing protein or rapid synthesis during the initial drying phase. Furthermore, two hypotheses to explain why P. polydactyla requires high peroxidase activities are suggested. Peroxidases may be involved in production of ROS during the oxidative burst. Peroxidases are able to oxidise NADH in a reaction stimulated by monophenols to give NAD
• radicals, which, in turn, react nonenzymatically with 3 O 2 to give O 2 and NAD + (Halliwell, 1978; Murphy et al., 1998) . Alternatively, Peltigera sp. may need high activities of peroxidases and high intracellular antioxidant levels to scavenge ROS that are produced as a consequence of their own oxidative burst. While most of the ROS produced are probably secreted extracellularly, some of them may also damage the lichen itself, thus necessitating higher antioxidant levels.
In conclusion, high antioxidant concentrations or peroxidase activities do not necessarily indicate that a species is well adapted to tolerate desiccation-induced oxidative stress. Rather, the ability to rapidly re-establish the species-specific normal antioxidant concentrations and redox state during rehydration, even after longer desiccation times as demonstrated for glutathione (Kranner, 2002) , is a characteristic of well-adapted species.
